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Abstract
The two-scale (small irregularities superimposed upon large undulations) scattering theory proposed by Semyonov has been extended and used to compute microwave apparent temperature and the backscattering cross section from ocean surfaces. The effect of the small irregularities upon the scattering characteristics of the large undulations is included by modifying the Fresnel reflection coefficients; whereas the effect of the large undulations upon those of the small irregularities is taken into account by averaging over the surface normals of the large undulations.
The same set of surface parameters is employed for a given wind speed to predict both the scattering and the emission characteristics at both polarizations. Improved agreement with measured results is demonstrated when compared with predictions by a single scale surface. This indicates that the sea surface is better modeled by a composite rather than a single surface. The results also imply that the adequacy of a scattering model is best exemplified when it is used to predict both the scattering and the emission characteristics. with predictions from geometric optics theory [6] which uses a single surface model and found some but not satisfactory agreement between predictions and measurements. The wind dependence of the geometric optics approach was based on measured rms sea slope data presented by Cox and Munk [7] . However, the theory failed to predict the observed emission characteristics near nadir and fitted only loosely for nadir angles between 30 and 70 degrees. The failure of the geometric optics model to account for wind dependence at nadir was first reported by Nordberg, et al. [1] , and verified by Hollinger [5] .
In view of the above deficiencies, an investigation is necessary to seek a more adequate model for microwave emissions from the sea. The emphasis in this investigation is oriented towards using a composite surface model which better reflects the roughness characteristic of the sea. Since several lengthy numerical integrations are required to yield the emissivity, the more adequate model must not be so complicated as to make numerical calculations prohibitive. With this perspective, a non-coherent scattering theory of the type described by Semyonov [8] is extended to yield the bistatic scattering coefficient. Since an acceptable scattering coefficient for predicting the microwave emission characteristics must also be acceptable for predicting backscattering, the latter case is examined to provide a cross check on the model.
To compare with experimental observations, an isotropic surface characteristic, although not realistic for the ocean surface, is assumed. A justification for this assumption is based on the observed directional insensitivity of emissions from the sea [9] . The two-scale rough surface model is also assumed to have Gaussian surface height distribution and Gaussian surface correlation for both scales. The dielectric constant needed in the calculations is based on the data reported by 
II. A SURFACE BRIGHTNESS TEMPERATURE THEORY

Formulation of the Problem
The basic theory of surface brightness temperature was developed by Peake [12] . The relationship among the surface emissivity, the surface temperature and the brightness temperature is as follows:
T B jC0J=e J -(9)T 3 j= kor v Under the non-coherent assumption Hi(9,63,4*5)000 be shown [8] Since the backscattering cross-section is a special case of the differential scattering coefficients, it can be obtained from the knov/n differential scattering coefficients, (see Figure 1 ) i.e.
<r° ( To derive ^(6,85^s)we may begin with the vector scattered field due to a plane wave incident upon an undulating surface to which the tangent plane approximation is assumed applicable. Such a field expression is, in general, rather complicated. To simplify results, the stationary phase technique will be employed.
An expression for ij^flj.'t'j) not indicating explicitly the effect of the small irregularities will be derived first. This expression is then clarified to reflect the small structure effects by computing the explicit forms of the modified Fresnel reflection coefficients.
As pointed out by Semyoncv, such a computation may be performed for the more general finitely conducting surface in accordance with Rice's paper [13].
The scattered field
The far zone scattered field in the direction n 2 due to a plane wave polarized along O^ impinging upon an undulating surface Kt.y) can be shown to be [14] « -where a time factor of the forme 3 " has been suppressed; K = -^ R -, R is the distance from the origin to the field point, k is the wave number; <.Rh),<Rv) are the modified Fresnel reflection for horizontal and vertical polarization respectively; £ is the magnitude of incident electric field; 2-1 is the unit propagation vector of the incident field, and 71 is the normal to the surface
The set of orthogonal unit vectors (^i/^ serving as the local coordinates for evaluating the local field on surface is illustrated in Figure 2 . The unit vectors, t and d relate to n and i^as follows
•t = C*n, x n ) /)
where no. 
The local coordinate vectors, two other vector products in (9) 
The differential scattering coefficients
The differential scattering coefficients related to the scattered fields computed
In the previous section [12, 15] are of the form where the symbol * denotes complex conjugate, and C" ^ tne ensemble average.
The subscripts i , t. denote the polarization states of the incident and the scattered fields respectively. A 0 is the illuminated area.
Upon substituting (15) into (16), it follows that k' a. The far zone scattered field of l-polarization along the direction defined by the angles 6s and <fs due to a plane wave of j-polarization with unit amplitude impinging upon an irregular surface sc*,jj)along the direction defined by the angles 8 and <$>' has been derived by using the method of small perturbation [17] . The ensemble average of the magnitude square of the scattered field, <|E;i(0,<£,' 6 s ,<J>s ) | > can be shown to be [17] <|E i (e;^X^)lVcosVcos 8 For an isotropically rough surface, it reduces to R(r) = ^f'w (t) J 0 Ctr-) tdt To account for the tilting effect of the small irregularities by the large undulations it is necessary to average J^ (9,' £', 85,^) with respect to the slope distribution of the large undulations [8] . That is where 9 is the incident angle and 9 S and <£ s are the scattering angles. 
= sec
The local angles ( 6 , <#>, ^5,^5 ) may now be related to the azimuth and the elevation angles ^ and 0^ by connecting relations derived below.
In Figure 3 , the two sets of coordinates (x,y,z) and ( In a similar fashion, the local incident angles can also be expressed in terms of the tilting angles On.'ifViand the incident angle, 6 . where m is the rms slope and is assigned according to Cox and Munk's slick sea data.
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Since m is usually sufficiently small for the sea and since 1^(6,$. QS.^S) is insensitive to 6^ for a small value of 9-n , the integration with respect to B n given in (24) can be evaluated by the method of steepest decent; if so, the result may be expressed as From (17), (19) and (3a), it follows that tan 2 6
|<R:>| simplifies to (45) The complete backscattering cross-section is, of course, given by (3) that is the sum of (40) and (43). 
III. SELECTION OF PARAMETERS
The surface parameters appear in the above theory are the rms slope of the large structures m, the standard deviation of the small structures <*~, , and the correlation length of the small structures £ . This scattering model can be adapted to predict sea returns by noting that the rms slope can be based on measurements by
Cox and Munk [7] and that the assumed Gaussian spectrum for the small irregularities can approximate the high frequency po r tion of the sea spectrum BK where the Bragg scatter condition applies, i.e., K -2k sin 0. In view of the requirements of the composite surface theory it is reasonable to choose the oil slick sea measurements by where K = 2k sin 0 , the Bragg scatter condition. This is achieved by noting that when k/ = 2 similar behavior is realized (see Figure 4) . The factor 35.3 appears in the Gaussian approximation to bring the levels into agreement at ©= 60 degrees.
The value of B must yet be assigned.
-3 Oceanographic investigations indicate values of B in the range from 4.6 x 10 _2 to 3.26 x 10 [7, 18, 19] . This implies that kcr, should lie in the range from 0.084 to 0.24 when BK~ is equated to ,^/rr £xp(~K^'/4-) at 0= 60 degrees. These values of k<*", are consistent with the assumptions of the small perturbation theory, an encouraging result. The recent reports by Sutherland [11] and Pierson [20] indicate that B is a function of the wind speed. Thus, the surface parameter a~. must also be a function of the wind speed. It is noted that the horizontally polarized emission characteristic for nadir angles from zero to thirty degrees is very sensitive to ka~1
and hence the parameter kcr-, can be estimated by fitting the predicted emission characteristics to the measured data.*
With the surface parameters established in the manner described above, both the emission and the backscatter characteristics may be computed and compared with reported measurements.
It appears that the wind sensitivity of B may be assigned by this technique.
IV. COMPARISON WITH EXPERIMENTS
The parameter k <r. is estimated from horizontally polarized emission The level of NRL data which are based on the statistical median had to be raised by 6 dB to realize the agreement. Valenzuela [23] 
